Chemicals
Formic acid from Wako Pure Chemicals (Osaka, Japan) was purified by distilling twice and collecting a middle fraction distilled at a constant temperature.
Benzoic and 4-methylbenzoic acids from Wako (Osaka, Japan) were purified by re-crystallization in a water-ethanol mixture. Organic solvents were purified by washing first with a dilute sodium hydroxide solution, then with a dilute hydrochloric acid solution and finally with distilled water. They were used without dehydration. A standard sodium hydroxide solution of 0.2 mol dm -3 was prepared by diluting the carbon dioxide-free sodium hydroxide solution. Water purified by a Milli-Q system (Millipore, USA) was used throughout.
Procedure
All experiments were carried out in a room thermostated at 25 ± 1˚C. Phenolphthalein was used as an indicator in the acidbase titration. Stock solutions of formic acid (pKa = 3.55) 8 were prepared by diluting with a 0.05 mol dm -3 perchloric acid solution containing 0.05 mol dm -3 sodium perchlorate. Benzoic (pKa = 4.00) 8 and 4-methylbenzoic (pKa = 4.37) acids 8 were dissolved in organic solvents. For these two acids, a 0.01 mol dm -3 perchloric acid solution containing 0.09 mol dm -3 sodium perchlorate was used as an aqueous solution. The aqueous and organic phases were contacted in a stoppered centrifuge glass tube of 50 cm 3 capacity. After equilibration, phase separation was achieved by standing the system in a bath overnight. The concentrations of the acids in the aqueous phase were directly determined by measuring the absorbance at 271.0 nm for benzoic and 4-methylbenzoic acids.
The formic acid concentration in the aqueous phase was estimated titrimetrically by subtracting the titrant volume corresponding to the perchloric acid concentration from the total titrant volume of the aqueous phase. The concentration of formic acid in the organic phase was obtained by subtracting the formic acid concentration in the aqueous phase from the initial concentration in the aqueous solution.
Results and Discussion
Because the dissociation of the acid monomer is negligible in The distribution of formic, benzoic and 4-methylbenzoic acids between a 0.1 mol dm -3 (Na + , H + )ClO4 -solution and octanol and carbon tetrachloride was studied at five different temperatures of 10 -30˚C. The thermodynamic parameters for the transfer process of monomeric acid between two phases and for the dimerization of monomeric acid in carbon tetrachloride (∆H and ∆S) were evaluated from the van't Hoff isochore. The free-energy change for the transfer of a methylene group from water to organic solvents was entropically controlled, irrespective of the organic solvents. The distribution constants of formic and benzoic acids were larger than those expected from the distribution constants of acetic and phenylacetic acids, respectively. The free-energy change for all solutes, except for benzoic and 4-methylbenzoic acids, was also entirely entropically controlled in the case of octanol as a solvent. The enthaly-entropy compensation for the dimerization constant of acids in carbon tetrachloride was observed.
the aqueous phase under the present experimental conditions (0.05 mol dm -3 HClO4 for formic acid and 0.01 mol dm -3 for the other acids), the distribution ratio is given by
where CHR org and CHR aq denote the total concentrations of the acid in the organic and aqueous phases; HR, Kd, and K2 denote the acid molecule, the distribution constant of the acid monomer and the dimerization constant of the acid monomer in the organic phase in molar concentration unit, respectively. The subscripts, org and aq, refer to the organic and aqueous phases, respectively. A plot of D versus CHR aq obtained for benzoic acid with carbon tetrachloride gave a straight line having a slope of 2Kd 2 K2 with an intercept of Kd, as shown in Fig. 1 . This means that only the monomeric and dimeric species are present in the carbon tetrachloride phase. On the other hand, a plot of D versus CHR aq obtained with octanol gave the horizontal lines for formic, benzoic and 4-methylbenzoic acids, respectively. This means that only the monomeric species exists in the octanol phase.
From the thus-obtained Kd and K2 values, the thermodynamic constants in mole-fraction units, Kd x and K2 x , can be easily calculated by means of
where Vorg and Vaq are the molar volumes of the organic and aqueous phases, respectively. The values of Kd x and K2
x obtained from these relations at 5 different temperatures are given in Tables 1 and 2 along with other data 7 obtained previously in our laboratory. The data in Tables 1 and 2 show that the incremental value in log Kd x per a methylene group is about 0.6, as is well-known in many references. However, the Kd x value of benzoic acid is a slightly greater than that of phenylacetic acid, and also the Kd x value of formic acid is almost the same as that of acetic acid. This means that these values obtained for benzoic and formic acids are abnormally large, judging from the incremental value in log Kd x per methylene group for a series of aliphatic and phenyl-substituted aliphatic acids. A larger Kd x value for benzoic acid is also expected from the solubility difference of benzoic and phenylacetic acids in water and in carbon tetrachloride, respectively. 9 The incremental value in log Kd x of a methyl group directly introduced to phenyl ring is similar to that of a methylene group introduced to alkyl parts. The difference (2.21) in the log Kd x value between benzoic and formic acids is a slightly greater than the incremental value (2.13) in log Kd x of a phenyl ring. 10, 11 As is evident from Table 1 , the distribution constants increase with an increase in the temperature, but the dimerization constants decrease for carbon tetrachloride. However, the product, K2 x Kd x,2 , is almost constant over the temperature ranges studied here. As is evident from Table 2 , the Kd x values for monomeric acids, except for formic, benzoic and 4-methylbenzoic acids, are constant over the temperature ranges studied for octanol. But, the Kd x value of formic acid increases along with an increase in the temperature above 20˚C, while the Kd x values of benzoic and 4-methylbenzoic acids decrease inversely. The reason why this inverse phenomenon between formic and benzoic acids for octanol as a solvent occurs is presently unknown.
The thermodynamics of the distribution of a monomeric carboxylic acid and of the dimerization of the monomeric acid in the organic phase are given by 
where ∆G, ∆H, ∆S, R, and T are the partial molal free-energy change, enthalpy change and entropy change on the monomer transfer and on the dimerization in carbon tetrachloride, the gas constant, and the absolute temperature, respectively. The parameters, ∆H and ∆S, are calculated from the slope and the intercept of a plot of ln Kd x versus 1/T, provided that the enthalpy is independent of temperature over the range studied. Figure 2 shows van't Hoff plots obtained for four cases. For octanol, excellent linear plots with a positive slope were obtained for benzoic and 4-methylbenzoic acids at the temperature ranges of 10 -30˚C and a horizontal line for formic acid at a temperature ranges of less than 15˚C. For carbon tetrachloride, a linear van't Hoff plot with a negative slope at temperature ranges of less than 20˚C was obtained. The enthalpy and entropy changes obtained from the linear parts of the van't Hoff plots are summarized in Table 3 with the data 7 previously obtained. As is evident from Table 3 , the data obtained for a series of aliphatic and phenyl-substituted aliphatic acids show that the thermodynamics of the transfer of a methylene group from water to organic solvents was entropically controlled, irrespective of the organic solvents, i.e., the increase in the hydrophobic interaction of a methylene group with water. 11 The small effect of temperature on the distribution constant implies that the process is entropy-driven. For the transfer of benzoic acid, the entropy in the water-carbon tetrachloride system and the enthalpy in the water-octanol system play a very important role. In addition, the negative enthalpy of benzoic acid for octanol seems to come from strong solvation in the octanol phase. However, the reason why this strong solvation occurs only for benzoic acid is not clear at the moment, but this is very interesting. For the transfer of formic acid from water to octanol, entropy plays a very important role. Also, the dimerization reaction of benzoic acid plays a very important role for the transfer from water to carbon tetrachloride, i.e., the large negative increase in ∆H. In addition, the enthalpy-entropy compensation plot for the dimerization constants of acids in carbon tetrachloride gave a straight line with a slope of unity, as shown in Fig. 3 . This implies a single unique mechanism for the dimerization of solutes in a non-solvating solvent. 
